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Germination strategies during grassland succession 
H. OLFF,* D. M. PEGTEL, J. M. VAN GROENENDAELt and 
J. P. BAKKER 
Laboratoryfor Plant Ecology, University of Groningen, PO Box 14, 9750 AA Haren and tDepartment of Plant 
Ecology and Weed Science, Wageningen Agricultural University, Bornsesteeg 69, 6708 PD Wageningen, 
the Netherlands 
Summary 
1 We analysed the germination of 91 herbaceous species in response to a temperature 
gradient, and to alternating temperatures and stratification (chilling). A principal- 
components analysis revealed that the species were distributed along two statistically 
independent axes, the first of which primary represented the optimal temperature for 
germination and the second the rate of germination. 
2 These results were further related to data on species replacement during 25 years of 
succession in grassland after the cessation of fertilizer application but with continued 
hay making. Separate successional sequences were distinguished for the dry parts and 
the wet parts of the fields Changes in canopy structure were studied by counting gaps 
and mapping light at the soil surface. 
3 Changes in species composition of species present at the different stages were 
related to the changes in the germination attributes during the succession towards 
nutrient-poor grassland. The productive grassland was characterized by rapidly ger- 
minating species and in the wetter parts, by those germinating at low temperatures. 
This might enable these species to escape from light competition by germinating in 
the autumn or winter, i.e. soon after seed set. The species from the less productive, 
more open stages germinated more slowly, and responded more clearly to stratifica- 
tion and alternating temperatures. It is therefore likely that germination of most seeds 
of these species is delayed until the following summer. 
4 The importance of the observed interspecific differences in germination character- 
istics in relation to the observed changes in vegetation structure as an explanation for 
species replacement during succession is discussed. 
Keywords: germination; succession; stratification; temperature 
Journal of Ecology 1994, 82, 69-77 
Introduction 
Changes in plant species composition during vegeta- 
tional succession have long been a challenge to ecol- 
ogists (Miles 1987). Several species attributes have 
been used to explain successional sequences, such as 
modes of dispersal (Lepart & Escarre 1983), relative 
growth rates (Grime 1987), allocation pattems 
(Tilman 1988) and nutrient-use efficiencies 
(Berendse & Elberse 1990). The importance of 
regeneration characteristics for species dynamics and 
coexistence has been stressed by many authors (e.g. 
Grubb 1977; Fenner 1985; Fagerstrom 1989) and it 
has been observed in various studies that seed germi- 
*Present address and correspondence: Department of 
Terrestrial Ecology and Nature Conservation, Wageningen 
Agricultural University, Bomsesteeg 47, 6708 PD 
Wageningen, The Netherlands. 
nation, an important regeneration characteristic, can 
be triggered (or dormancy can be induced) by a vari- 
ety of environmental factors in ways that favour sub- 
sequent establishment (e.g. Silvertown 1980, 1981; 
Fenner 1987; Masuda & Washitani 1990). Further- 
more, the canopy structure of the vegetation, which 
determines both light penetration to the soil surface 
and microclimate, seems to be an important determi- 
nant of the onset of germination and the subsequent 
fate of seedlings (Oomes & Elberse 1976; Verkaar 
et al. 1983; Fenner 1985; Goldberg 1987). Germi- 
nation characteristics could therefore play an impor- 
tant role in determining the occurrence of plant 
species. 
We have investigated succession in permanent 
grassland which started when, in order to restore for- 
mer species-rich communities, fertilizer application 
was stopped but hay-making was continued (Bakker 69 
This content downloaded from 129.125.63.113 on Mon, 19 Aug 2013 07:27:09 AM






1989; Olff & Bakker 1991). This success-ion is char- 
acterized by a gradual decline in productivity, which 
is accompanied by a change in stand structure from a 
closed and dense sward, towards a more open grass- 
land (Bakker 1989; Olff 1992b). The decrease in pro- 
ductivity is associated with a gradual increase in 
species diversity (Olff & Bakker 1991). Although 
this is not a case of a primary or secondary succes- 
sion in the classical meaning (sensu Clements 1916), 
it is a directional, repeatable change in species com- 
position accompanied by a change in vegetation 
structure (Bakker 1989; Olff & Bakker 1991). This 
allows us to investigate the relationships between 
germination characteristics of species and the vegeta- 
tion structure of the successional stage in which they 
occur and to ask whether the replacement of species 
can be explained by changes in vegetation structure 
that affect germination. 
The closed, dense canopy that exists in productive 
grassland can have large effects on germination and 
seedling establishment; tolerance to shading by phys- 
iological and morphological adaptations on the seed- 
ling level has been suggested as a mechanism that 
allows establishment under a closed canopy (Van 
Tooren & Pons 1988; Pons & van der Toorn 1988). 
Species may also avoid out-shading their offspring 
by germinating outside the main growing season. 
During the growing season seeds may germinate in 
gaps (Miles 1974; Fenner 1985), although under very 
dry conditions mortality in gaps may be higher than 
in closed turves (Ryser 1990). In species with no 
stratification requirement, germination may take 
place immediately after seed set, or, in species which 
germinate best at low temperatures, in winter. If cold 
stratification is required to break innate dormancy, 
germination is likely to occur the following spring or 
early summer depending on the temperature optima. 
The gap reaction mechanisms required depend crit- 
ically on enforced dormancy, with germination 
delayed until it is triggered by specific environmental 
cues such as fluctuating temperatures, far-red inhibi- 
tion and possible stimulation at higher nitrate concen- 
trations (see Fenner 1985 for a review). Whenever 
the abundance of gaps changes during succession, the 
abundance of species which depend on gaps for their 
regeneration may also change. Such changes may be 
caused by the grassland vegetation itself (e.g. closing 
or opening up due to changes in nutrient availability) 
or by changes in the frequency and extent of distur- 
bance (e.g. due to burrowing animals). 
In this paper quantitative data on species composi- 
tion of a grassland over a period of 25 years are used 
to assign each species to a position in the succes- 
sional sequence, to test whether changes in vegeta- 
tion structure during the succession led to an increase 
in species which germinate better under the new con- 
ditions and to a decrease in species which germinate 
worse. Possible relationships between the tempera- 
ture response of germination under controlled condi- 
tions and the expected timing of germination in the 
field are discussed. 
Methods 
FIELD SITES 
The study area was located along a brook ('Anlooer 
Diepje') in the 'Drentsche Aa' Nature Reserve, The 
Netherlands (53?05'N, 6?42'E). The fields along the 
brook are cut for hay each July and each field could 
be divided into a dry (and higher) part and a lower, 
wet part. The dry part is characterized by a sandy 
podzolic soil, while the wet part receives some super- 
ficial seepage water and contains more organic 
matter. In order to restore former species-rich com- 
munities, fertilizer application to these fields was 
stopped in 1966 or 1972 but hay making continued 
(see Bakker 1989; Olff & Bakker 1991). Data from 
41 permanent plots (plot size 2 m x 2 m) were used 
of which 15 were located in the dry parts and 26 in 
the wet parts of four different fields. The percentage 
cover of each species in each plot was estimated each 
year from 1972 to 1990. Twenty plots had not been 
fertilized since 1966, while for the other plots ferti- 
lizer application was stopped prior to the start of the 
recordings. In 1972, plots where succession started in 
1966 had a similar species composition to that 
observed in 1978 in the plots where succession 
started in 1972 (Bakker 1989). This predictability 
allows us to reconstruct the dynamics of the first 25 
years of the succession. In the dry areas, the succes- 
sion started with Lolium perenne, Bromus hordea- 
ceus and Rumex obtusifolius, and proceeded through 
a Festuca rubra phase to an Agrostis capillaris sward 
after 25 years, whereas the wet succession started 
with Agrostis stolonifera and Alopecurus geniculatus 
and proceeded through a Holcus lanatus phase to an 
Anthoxanthum odoratum sward, with patches of 
Juncus acutiflorus (see Bakker 1989; Olff & Bakker 
1991). This last species reached full dominance in a 
field that was known to have been unfertilized since 
at least 1945 (Bakker 1989). The peak above-ground 
biomass in both the dry and the wet series decreased 
from 6 to 2 t ha-' over 25 years (H. Olff & J. P. 
Bakker, unpubl.) 
GERMINATION EXPERIMENTS 
Seeds of 91 plant species were collected in bulk in 
the field from many individuals, and stored at 5 ?C, 
50% RH until further use. These included 41 species 
occurring in the successional sequence, but 50 spe- 
cies from arable fields and road verges were also 
sampled to provide a broad range of germination 
characteristics. Having determined the major trends 
for all investigated species we then tested if the gen- 
eralized differences between species with respect to 
germination characteristics could be used to under- 
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stand the dynamics of a subset of these species 
during grassland succession. 
The germination experiments were performed by 
spreading 50 seeds of each species on moist Whatman 
no. 1 filter paper in each of a number of plastic Petri 
dishes. Three dishes per treatment were incubated in 
germination chambers, which were kept at a constant 
temperature of 5, 10, 15, 20 or 30 ?C, and in a chamber 
with diurnally alternating temperatures (10/20 ?C). For 
a subset of species, the effect of stratification was 
investigated by storing a further sample of the seeds at 
5 ?C in a refrigerator in darkness on moist filter paper 
for 6 weeks, prior to the germination experiments. The 
stratified seeds were germinated at the five tempera- 
tures above. The number of germinated seeds was 
counted every 1-3 days for 30 days, and germinated 
seeds were removed. Germination was defined as the 
emergence of the radicles. 
CHARACTERIZATION OF GERMINATION 
For each species at each temperature, the percentage 
of seeds which had germinated after 30 days was 
determined, as was the number of days after which 
50% germination had occurred (G50). Values for six 
parameters were then calculated for each species: 
OPT, the optimal temperature for germination, was 
calculated as the average value of all tempera- 
tures, weighted for the percentage germination at 
each temperature [(5P5 + lOP,0 + 15P15 + 20P20 + 
30P30)/(P5 + PI0 + P15 + P20 + P30)], where P5 was 
the percentage germination at 5 ?C, Pl0 the per- 
centage germination at 10 ?C, etc. 
MAXG, the maximum germination rate, was defined 
as the highest percentage germination observed 
after 30 days. 
GFAS, the fastest germination rate, was the minimum 
number of days required for 50% germination to 
occur. 
TFAS, the temperature with fastest germination, was 
the temperature at which GFAS was observed. 
ALT, the effect of alternating temperatures was 
defined as the difference between the percentages 
of seeds which germinated at 15 ?C and the 
10/20 ?C regime. 
STRA, the effect of stratification, was calculated by 
subtracting MAXG (as measured in unstratified 
seeds) from the highest percentage germination 
observed after 30 days in stratified seeds. 
ANALYSIS OF GERMINATION DATA 
The underlying correlation structure of the germina- 
tion characteristics was investigated in a principal- 
components analysis (PCA) with VAR Il MAX rotation 
of the axes. Forty-one of the 91 species investigated 
occurred in the grassland succession. A further 93 
species were observed in the grassland but most at 
low percentage cover in the field or occurred at low 
frequencies and were not studied here. The effect of 
stratification on germination was investigated for 22 
of the 41 species. Visual inspection of all pair-wise 
correlations revealed no major deviations from linear 
relationships. The results of the PCA were inter- 
preted by graphing both the scores of the germination 
characteristics and the species scores on the first two 
axes. Separate graphs were made for those species 
that occurred in the grassland successional series and 
those that did not. 
To determine changes in germination characteris- 
tics during succession, we calculated the average 
score for each trait over all species present at a partic- 
ular point in time, weighted according to the abun- 
dance (% cover) of each species (method I). These 
calculations were done separately for dry and wet 
plots. Trends with time were then tested using linear 
regression analysis. The scores on the PCA axes for 
each species we used to calculate the average scores 
for each successional year. In method II, however, 
equal weight was given to all occurring species by 
calculating the average year of occurrence of each 
species, weighted for its percentage cover in each 
year, which was called the successional position of a 
species. Linear regression analysis was used to test 
how much of the variance in each germination trait 
was explained by this variable. It should be noted that 
in the graphs produced by method I each point repre- 
sents the average value of a trait for a successional 
year (determined by all species occurring in that 
year) where in method II each point represents the 
average value of a trait for a single species. The first 
method mainly reflects changes in dominance rela- 
tionships between abundant species, and how these 
can be related to the germination characteristics of 
these species. The second method gives equal weight 
to dominant and subordinate species and therefore 
tests for qualitative trends in the constituent species 
in the succession. 
GAPS AND CANOPY STRUCTURE 
DURING SUCCESSION 
The occurrence of gaps during grassland succession 
was investigated at two spatial scales: (i) by counting 
the frequency of large gaps and (ii) for the wet succes- 
sion at a smaller scale by mapping light penetration to 
the soil surface in 10 fields of different successional 
age. 
In the dry and the wet part of each field, a 400-M2 
plot was laid out, in which the number of spots of 
bare soil, larger than 25 cm2 were counted in April 
1991. These gaps were mainly created by mice, 
moles, tracks from the cutting machinery and cattle 
(grazing the aftermath in some fields). The density of 
gaps was related to the successional age of each field. 
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Axis 1 
Fig. 1 Results of a principal component analysis of germi- 
nation characteristics, where the arrows point to the scores 
on the first two axis of the variables maximal germination 
(MAXG), optimal temperature (OPT), temperature with 
fastest germination (TFAS), effect of alteinating tempera- 
tures on maximal germination (ALT) and the fastest rate of 
germination (GFAS). 
A 2-m x 10 -m transect was sited in the wet part of 
each of three fields, which had not been fertilized for 
2 years (field A), 6 years (field B) and 19 years (field 
C). On 26-27 June 1991, we measured the light 
intensity (400-700 nm) at the soil surface using a 
linear PAR collector (1 x 100 cm) which was divided 
in 10 sections of 10 cm x 1 cm. Each 10-cm section 
measured the average light intensity over that length. 
One hundred measurements at 10-cm intervals were 
made in each of two adjacent strips to give a grid of 
101 x 21 points for each plot. The data for each grid 
were interpolated to a resolution of 2.5 cm using a 
reciprocal squared distance weighting factor. Due to 
unexpected early mowing, we were unable to com- 
plete this analysis for the dry successional sequence. 
Results 
MULTIVARIATE ANALYSIS OF GERMINATION 
ATTRIBUTES 
The principal-component analysis (PCA) revealed 
the correlation structure of the germination character- 
istics. The attributes OPT, MAXG, TFAS, GFAS and 
ALT for all 91 species were used in this PCA. The 
attribute STRA was not included, since this would 
have lowered the number of species in the analysis 
since no missing values are allowed in a PCA. The 
first two axes of the PCA explained 48% and 24%, 
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Fig. 2 Axis scores for the principal components of Fig. 1 for species occurring in a grassland succession (a) and species not 
occurring in this grassland succession (b). Although graphed separately, all species were used together in the analysis. 
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respectively, of the variation in the data set. Figure 1 
shows that the first axis mainly represented variation 
in TFAS, OPT and ALT, all of which variables were 
positively correlated, while the second axis was 
mainly determined by MAXG and GFAS which vari- 
ables were negatively correlated. This means that the 
first axis separated species according to the tempera- 
ture-dependence of their germination, so that species 
with a high score on this axis germinated best at 
higher temperatures. The second axis separated 
species according to their germination rate (indepen- 
dent of temperature); thus species with a high posi- 
tive score on the second axis germinated most 
rapidly. The effect of alternating temperatures on 
percentage germination after 30 days (ALT) was cor- 
related with the first axis and species that germinated 
better at higher temperatures also showed increased 
germination at alternating temperatures. 
The species scores on the first two PCA axes are 
presented in Fig. 2. Separate graphs were made for 
those species that occurred in the successional series 
(Fig. 2A) and those which did not (Fig. 2B). This dis- 
tinction was made for reasons of clarity of presenta- 
tion although all species scores were obtained from a 
single PCA. The top left quadrant (high MAXG, low 
1.00 1 (a) 
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Fig. 3 Changes in germination traits during grassland suc- 
cession after cessation of fertilizer application, on the dry 
parts (a) and the wet parts (b) of several fields. For each 
year, the average score on each of the first two principal- 
component axes given in Fig. 1 and 2 was computed, as the 
average score for all species occurring in that year 
(weighted for percentage cover). The lines connect subse- 
quent years during succession, ranging from 1 to 24 years 
(no data for years 5 and 23). 
GFAS, OPT, TFAS and ALT) represents rapid germi- 
nation, particularly at low temperatures and most 
species found here are characteristic of productive 
grassland. Most species in the bottom right quadrant 
(germination slow, best at high temperatures and 
enhanced by alternating temperatures) are character- 
istic of less fertile conditions. Species with very low 
scores on the first PCA axis are mostly ruderal 
species occurring in arable fields (Fig. 2b) although 
Plantago major, Cirsium arvense and Sonchus 
arvensis are also indicative of ruderal conditions, 
which had high scores on the first axis. 
The germination data were then related to the 
grassland successional sequence. For each succes- 
sional year, the average score on the first two PCA 
axes was calculated and weighted for the percentage 
cover of the species occurring in that year (Fig. 3). The 
graphs therefore depict a generalized pathway of suc- 
cession in terms of species characteristics with the 
most rapid changes observed early in the succession. It 
can be seen that the successional replacement of plant 
species is accompanied by gradual shifts in the germi- 
nation characteristics of those species. The dry and the 
wet succession showed similar pathways with respect 
to germination attributes, proceeding from species 
with fast germination at low temperatures to species 
with slower germination at higher temperatures and 
affected by alternating temperatures. The temporal 
changes in germination characteristics of species 
occurring in the dry succession appeared to be larger 
and more directed than in the wet succession (Fig. 3), 
which changed mainly during the first 7 years, with 
later changes being less directed. 
TRENDS IN INDIVIDUAL GERMINATION 
ATTRIBUTES DURING SUCCESSION 
The successional changes in germination attributes 
are presented in Figures 4 (method I) and 5 (method 
II). The dry and the wet successional series showed 
some differences in relationships between the germi- 
nation attributes and time confirming the PCA 
results. Method I showed that the effect of alternating 
temperatures and stratification increased with time in 
both series and the optimal temperature for germina- 
tion increased in the wet succession, while decreas- 
ing germination rates were indicated by lowered 
MAXG (both series) and increased GFAS (dry series). 
The only significant effects observed by method II 
confirmed the increase in OPT in the wet succession 
and the decrease in MAXG in the dry series. 
GAPS DURING SUCCESSION 
The density of large gaps (> 25 cm2) (Fig. 6) clearly 
decreased during the dry succession (r = - 0.66, 
P < O.Ol)during succession are presented in Fig. 6. 
This trend was not found in the wet succession, 
where the density of large gaps seemed to be deter- 
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Fig. 6 Changes in the density of large gaps (> 25 cm2 bare 
soil) during the succession in (a) the dry and (b) the wet 
areas. 
mined by other factors than successional age 
(r = - 0.05, P> 0.05). 
Although large gaps did not change significantly in 
the wet series, clear changes in fine-scale canopy 
structure were found (Fig. 7). Fields A and B, where 
fertilizer application had been discontinued for 2 and 
6 years, respectively, were characterized by a dense, 
closed canopy, with few open patches. Field C, which 
had not been fertilized for 19 years, had a much more 
open canopy structure, with only a few dense patches. 
Discussion 
Multivariate analysis indicated that the germination 
characteristics could be used to separate the species 
investigated along the first two axes, which repre- 
sented the germination rate and the optimal tempera- 
ture for germination, respectively. Species were not 
clearly divided into distinct groups. This implies that 
when the term germination strategy is used (e.g. 
Grime et al. 1981), this should be done in terms of 
continuous gradients along which species have dif- 
ferent positions. In the present analysis, we can dis- 
tinguish four of such strategies (represented by the 
four corners in Figs 1 and 2): 
1 species with a fast germination rate, germinating 
best at low temperatures; 
2 species with a fast germination rate germinating 
best at high temperatures; 
3 species with a slow germination rate, germinating 
best at low temperatures; 
4 species with a slow germination rate, germinating 
best at high temperatures. 
The plots of the weighted average of PCA axis 
scores for each successional year (Fig. 3) showed 
that, during the succession, species with the type 1 
germination characteristics were gradually replaced 
by type 4 species. This conclusion was partially sup- 
ported by the analysis of changes in individual ger- 
mination traits during succession (Figs 4 and 5). 
We found that method I revealed more significant 
changes during succession than method II, suggesting 
that changes in germination characteristics were 
related more to changes in the dominance relation- 
ships of abundant species that to qualitative changes 
in species composition. However, a poorer correla- 
tion with method II was also expected on statistical 
grounds, since all species, including those occurring 
very infrequently, contributed equally to the analysis. 
It can be argued that the successional position of 
dominant species can be estimated more precisely 
than the position of these infrequently occurring, 
subordinate species. 
Many species showed less than 100% germination 
at the end of the 30-day experiment. Tetrazolium 
tests were carried out on over half of these species 
and revealed that almost all nongerminating seeds 
were still alive at the end of the experiment (J. M. 
van Groenendael and D. M. Pegtel, unpublished). 
This means that either the seeds required more time 
to germinate (germination was poorly synchronized), 
or we were not able to break dormancy in a propor- 
tion of seeds of these species. We cannot yet distin- 
guish between these possibilities; both cases have 
ecological consequences because establishment from 
fresh seeds would be poor and a seed bank would be 
formed. The triggers inducing long-term germination 
from seed banks are yet poorly understood. 
Field A Field B Field C 
Percentage of incident 
radiation 
* 0-10% E340-60% 
*10-20% E]60-80% 
_*20- 40 % 0 80-100%?/ 
Fig. 7 Spatial pattern of light penetration to the soil sur- 
face 2 years (field A), 6 years (field B) and 19 years (field 
C) after cessation of fertilizer application. Light penetration 
was measured in June 1991 at 10-cm intervals and interpo- 
lated to 2.5-cm intervals. 
This content downloaded from 129.125.63.113 on Mon, 19 Aug 2013 07:27:09 AM






The wet and the dry series differed in several 
ways. Apart from the optimum temperature for ger- 
mination, which increased only in the wet series, the 
overall changes in germination characteristics were 
more marked in the dry than in the wet series. This 
could probably be attributed to a stronger succes- 
sional trend in the dry parts of the fields because of 
the more intensive agricultural use of these parts, 
prior to the study. Because the wet series started at a 
lower soil fertility (Bakker 1989), less clear-cut 
changes were expected in species composition or in 
the traits of the species present. Differences were also 
found in the occurrence of large patches of bare soil, 
which decreased in the dry series, but showed no 
clear change in the wet series. A change towards a 
more open overall vegetation structure was however 
observed in the wet series and it is unfortunate that 
we were unable to make similar measurements in the 
dry series. It is not clear whether similar germination 
characteristics would be expected for species germi- 
nating in gaps in a generally closed canopy as for 
species which were adapted to germinate in a more 
open vegetation structure. Gaps of bare soil might be 
important for the establishment of species during the 
early, productive stages of the dry series. However, 
species present in the early stages of both the wet and 
dry series germinated quickly and at high percentages, 
an did not respond to alternating temperatures. 
Although species could posses RFR gap reaction 
mechanisms (see Fenner 1985), which we did not 
investigate, the lack of dormancy or response to alter- 
nating temperatures suggest that these mechanisms are 
not operating. It therefore seems likely that early suc- 
cessional species escape from light competition during 
their establishment phase by germinating immediately 
after seed fall, in autumn and early winter, when the 
canopy is still open after the summer cutting. 
Seedlings of autumn germination species may 
avoid interference from other species as well as sum- 
mer drought (Ernst 1981), but may suffer high winter 
mortality (Silvertown 1981; Marks & Prince 1981). It 
can therefore be argued that this strategy is only 
advantageous when germination in the subsequent 
spring or early summer leads to an even higher 
mortality risk (for instance due to the closed canopy 
found under productive conditions). This is sup- 
ported by our observation in the wet succession that 
the canopy opened up as the succession progressed 
and that the species occurring at later stages germi- 
nated slower (perhaps had more dormancy) and 
germinated best at a high temperature. 
The main change during our succession appears to 
be a shift in the seasonal timing of germination. This 
conclusion should be investigated further by record- 
ing seasonal patterns of seedling emergence in the 
field. In the early, productive stages species would 
then be expected initially to escape from competition 
for light by germinating in winter, but nevertheless 
have to compete for light during subsequent growth. 
Early successional species from these grasslands 
were indeed found to be taller, and had a higher 
growth rate and a lower specific leaf area than later 
successional species (Olff 1992a), which may be 
advantageous under productive conditions. Later suc- 
cessional species (from the unproductive grassland 
stages) probably suffer less from light competition, 
and may therefore experience fewer restrictions on 
seedling establishment. However, during subsequent 
growth they have to compete for nutrients, which 
become increasingly limiting with the progress of 
succession (Berendse & Elberse 1990; Olff 1992b; 
Olff 1994). Comparable studies on other successions 
are needed to test the generality of our conclusions. 
Although we can clearly see the adaptive nature of 
the shift in germination requirements during succes- 
sion, we do not yet know the cause of these differ- 
ences. Two possible explanations can be formulated 
(Silvertown 1981) for the origin of differences 
between habitats; (i) evolution within habitats, where 
selection acts on certain seed phenotypes and (ii) eco- 
logical displacement of species from certain habitats 
where seed characteristics are a constraint on suc- 
cessful colonization or establishment. Like Silver- 
town (1981) we conclude that the latter explanation 
is more likely in the quickly changing, anthropogenic 
vegetation studied here. 
It remains to be established whether the occur- 
rence of a species in a given successional stage is a 
consequence of the vegetation structure (i.e. the 
species is able to establish under the prevailing con- 
ditions) or whether the vegetation structure at a 
particular stage is indirectly caused by the fact that 
the species creating that structure are able to regener- 
ate under those conditions. The disentangling of 
these causes and consequences, which requires the 
study of the importance of feed-backs and time lags, 
would be an important area for further investigation. 
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